We developed a novel device, called the oscillation spirometer (OS) 
Introduction
Asthma is a chronic lung disease involving airway inflammation and remodeling, and is associated with airways that tighten or constrict too easily and too much [1] . The characteristic bronchoconstriction of asthma is often associated with symptoms such as wheezing, coughing, shortness of breath, and chest tightness [2] . The prevalence of asthma in Canada has been increasing over the last 20 years and currently over 2.4 million Canadians have been diagnosed with asthma, making it the most prevalent chronic condition in Canada [3] . It is also most common during childhood and affects approximately 12% of Canadian children and 5% of adults [4] .
A diagnosis of asthma is usually based on a patient's symptoms, medical history, physical examination, and measures of pulmonary function. Pulmonary function is measured with standard testing known as spirometry. During a typical spirometry manoeuvre a patient blows into a spirometer as forcefully and for as long as possible until as much air as possible is exhaled from the lungs. The spirometer measures the airflow and volume during the manoeuvre. The amount of air exhaled in the first second, known as the forced expiratory volume in 1 second (FEV1) is measured and is an indicator of obstruction.
Spirometry requires significant patient compliance and performance of a learned manoeuvre, and thus it is not possible to achieve accurate results in very young children. It is also difficult in some other populations such as paralyzed or infirm individuals [5] . Currently, there is no clinically accepted method for measurement of lung function in children under the age of 6 where the majority of asthma is first diagnosed [6] [7] [8] . In such patient populations, diagnosis is based on a physician's assessment of symptoms. However, an alternative method for lung function testing that requires no patient effort is the forced oscillation technique (FOT), which is beginning to be used clinically particularly in Europe.
FOT applies low-amplitude pressure oscillations at the patient's airway opening during spontaneous breathing and records the mechanical properties of the lung, namely respiratory system impedance (Zrs). Zrs is obtained from patient pressure and flow and is a complex quantity that includes both resistance and reactance according to equation 1.1.
The real part is the respiratory system resistance (Rrs) while the imaginary part is the respiratory system reactance (Xrs) [9] . Zrs is computed as ) (
where P(f) and V & (f) are the Fast Fourier Transforms of pressure and flow respectively. Measurements of Zrs have been obtained after airway dilation and constriction in a variety of respiratory diseases [10] [11] [12] . Essentially when Rrs is increased it is inferred that airway diameter is decreased. Recently, measurements of the variation in Rrs (SDRrs) over short term recordings of a few minutes have shown that SDRrs is increased in asthma and is a more sensitive indicator than mean Rrs and FEV1 of asthma [13, 14] . It is also reduced more by bronchodilator in children with asthma than healthy controls [15] . These results suggest that important information appears to be present in the measurement of Rrs variation, and that this may be useful in asthma diagnosis and possibly in guiding therapy.
Current devices
Currently, there are two main commercially available FOT devices. The basic design methodology behind these two devices is similar. Both perform spirometry and FOT using a parallel pathway approach, through the use of a trap door which is shut to allow pressure oscillations to travel to the patient's airway opening. During spirometry, this door is opened to allow flow to move freely through the system. Both devices use a pressure oscillation source like a loudspeaker cone with a separate flow resistive element across which pressure is measured. These devices also have similar dead space volumes of approximately 80 ml. The dead space is the space within a device in which a patient's breath is trapped and consequently re-breathed, and therefore dead space should be as low as possible. Larger dead space is not desired as it modifies patient breathing which can in turn alter Zrs.
The novel FOT device designed as described in this report is known as the oscillation spirometer (OS) because of it ability to record conventional spirometry parameters and forced oscillation mechanics. In addition to spirometry and FOT, the OS measures variability of airway caliber which has been established to be an important indicator of asthma and airway smooth muscle (ASM) activity [15] . The methodology behind the design of the OS also overcomes the limitations of speaker-based systems, through the use of a self-actuated piston (SAP). Using a SAP removes the need for parallel flow pathways and large loudspeakers. Thus, the OS can be compact and lightweight and could be used as a hand-held unit for spirometry.
Methods
We used an iterative design process by creating models of the OS actuator and patient Zrs to test the performance in silico and optimize the device size.
The actuator model ( Figure 1 ) was separated into electrical (coil resistance and inductance with current and voltage limits) and mechanical (mass and static/dynamic friction with position limits) transfer functions within the nonlinear plant. Then, a patient load was simulated using a single compartment model for respiratory mechanics consisting of a resistance and elastance. Disturbance compensation was added to compensate for cylinder back pressure and a position feedback loop was incorporated for piston stability. An iterative process was used in which control parameter combinations (proportional derivative gain) were tested to achieve maximal rise time and minimal overshoot responses to a step input.
Figure 1. OS actuator model
The Zrs identification model (Figure 2 ), which was an extension of the actuator model, was used to dynamically characterize the actuator's behaviour during oscillations with simultaneous patient breathing and to identify patient Zrs. This model was constructed by adding various input perturbations, simulated and actual patient breathing noise, and a Zrs calculation algorithm. With the Zrs identification model, it was possible to guide the redesign while still meeting the performance criteria. The stroke volume needed to produce the required pressure oscillations could be determined by monitoring the pressure and flow outputs of the Zrs identification model in response to a specific input perturbation. 
Results
Results from system modeling and device design are described in the following sections.
System Modeling
Modeling actuator movement as well as simulating actuator behaviour during simultaneous patient breathing were necessary to determine and optimize design parameters such as control variables, stroke volume, and pressure oscillation amplitudes.
The controller employed in the actuator model was a proportional derivative (PD) controller. In choosing the controller, the aim was to avoid steady state error. Integrative control would ideally have zero steady state error. However, since the plant already had a pole at zero (from an integrator), adding another pole would make the system unstable, and thus integrative control was not possible. Tuning of the control parameters was another area of focus. An iterative process was used in which control parameter combinations were tested to achieve maximal rise time and minimal overshoot responses to a step input. An example of this is shown in Figure 3 where the numerator time constant of the PD controller is varied. Based on plots similar to this, optimal control parameters were chosen. It is important to note that detailed optimization was not carried out, since final optimization of the controller would always have to be performed by testing the real system. The parameters found here however, represented a suitable starting point for the final optimization. Step responses for varying numerator time constants.
In addition to using the Zrs identification model to accurately determine Zrs to various types and amounts of breathing it was also used to determine the needed input perturbation amplitude required to achieve a 2 cmH 2 O peak-to-peak pressure oscillation in the actuator. Thus, it was possible to determine the needed stroke volume of 30 -35 ml. Stroke volume dictates the stroke length and therefore the overall length needed for the device.
Device Design
The major mechanical components of the OS included the linear motor, PT, position sensor, and pressure sensor. These major components constituted a total of 18 custom designed and machined parts. Each component is discussed individually below.
Linear motor
A linear motor was designed as shown in Figure 4 . In the OS, the current was passed through two coils (Transfab TMS, Boucherville, QC, Canada) wound around a bobbin with current flowing in opposite directions in each coil. A rare earth permanent magnet (Dura Magnetics, Sylvania, OH, USA), was used to create a magnetic field that passed from the magnet to the surrounding pole plates, which directed the magnetic flux perpendicularly across the coil to the core, thereby enclosing the bobbin and completing the magnetic circuit. Additionally to provide stable motion, the actuator moved on parallel rods using low friction bearings. Friction experiments showed it to have a very low coefficient of static friction, 0.3, which was comparable to Teflon at 0.2. An effort was made to make each part as light as possible. This meant using plastic components wherever applicable and shaving of areas that were not needed for functionality. Attention was also paid to minimizing dead space. Therefore, the piston was designed to always oscillate at the front of the device if the entire stroke length was not being used. Furthermore, during oscillation, since air is mixed continuously, dead space is dramatically reduced.
In selecting the magnet, it was necessary to choose one that would make the most efficient motor possible while keeping the cost at a reasonable level. To determine the appropriate magnet dimensions, Matlab was used to approximate the mass of the piston and determine the amount of force necessary to oscillate it at the highest frequency. In order for the piston to move, the generated force (F gen ) from the magnet must be greater than the force required (F req ) to accelerate the piston mass and the opposing force of friction, according to equation 3.1,
where the piston mass (m) was approximated from mechanical autoCAD drawings and densities of materials, and acceleration (a) was the acceleration of the piston at the highest frequency of interest (48 Hz). The opposing force of friction was calculated based on the static coefficient of friction (µ), experimentally determined as 0.3 for Rulon 641 bearings (McMaster Carr Inc., USA), and the acceleration due to gravity (g = 9.8 m/s 2 ). The wire gauge, type, and number of layers in the bobbin were selected based on the number of effective windings (n) needed and the resistive and inductive properties of the motor. Using the model, we found that decreasing coil resistance increased bandwidth, and effects of altering inductance through the number of turns were minor. We optimized the windings to produce the maximum bandwidth according to the simulation. A bandwidth of 11 Hz could be achieved for large amplitude perturbations (15 -35 ml) with 30 Hz achievable for smaller amplitudes.
The steel core was designed to be as thin as possible for weight conservation but also thick enough to ensure that all magnetic field lines could be contained. To prevent saturation and therefore loss of the magnetic field and assuming that all flux (Φ) was carried by the core, the required cross-sectional area (A) could be computed from equation 3.2 for a given B.
2) The core was composed of a low carbon steel (ANSI 1008) that saturates at B = 1.2 T. Using a small safety factor, the core thickness was chosen to ensure that B was less than 1 T.
Pneumotachograph (PT) design
A PT that maintained a linear resistance of < 1 cmH 2 O/L/s at tidal breathing for FOT and < 1.5 cmH 2 O/L/s at 14 L/s for spirometry and was heated was desired [9, 16] .
Screen mesh PTs, which are found in the majority of commercially available flow PTs, where chosen for this design as orifice and groove type PTs were both highly resistive and nonlinear ( Figure 5) . By changing the diameter of the PT and density of the mesh, the required resistances could be achieved. In addition, the pressure-flow profiles were much more linear as there was a 98% drop in the second order nonlinearity term compared to the orifice type PTs. Figure 5 . (a) The orifice PT was the most nonlinear as it exhibited the highest second order term. The screen mesh PT was the most linear with the second order term close to zero. (b) Ideally, a resistance that was as independent of flow as possible was desired. In other words, the resistance would be constant between low flows (for FOT) and high flows (for spirometry). The screen mesh had the least flow dependent resistance and complied with American Thoracic Society standards [9, 16] .
The mesh was heated by using a highly resistive wire such as nickel-chromium that transferred heat to the mesh once a current was applied. The particular wire was chosen based on its power dissipation and ability to heat the mesh in the actuator adequately with minimal power (< 5 W). A thermistor was incorporated to permit regulated temperature of the mesh to a sufficient constant temperature to prevent condensation.
Position sensing design
The OS required a method of measuring the position of the piston for actuator control and for determining Zrs.
Position was converted via the piston area into volume, then the derivative of volume was taken to give the flow. An optical positioning system was chosen as it was found to be cost effective, accurate, and small enough not to block the flow path or increase the overall size of the device.
The optical positioning system consisted of an infrared light produced by a laser diode (SV5637-001, Richardson Electronics Ltd., Montreal, QC, Canada) that reflected off of a tilted mirror placed on the rear pole plate and shined on a position sensing detector (PSD) located on the back plate. The PSD (1L10, ON-TRACK Photonics Inc., Lake Forest, CA, USA) accurately detects the centroid of a light spot to micrometer accuracy and produces a voltage that linearly relates to the centroid position. Using triangulation, as shown in Figure 6 , the angle of the mirror and position of the laser and PSD were adjusted such that the laser could reflect off of the mirror while the piston was at the extreme forward and back position and still contact the PSD. To allow sufficient safely margin, the laser, mirror, and PSD were aligned so that 80% of the active PSD area was being utilized. Figure 6 . The infrared laser attached to the back plate reflects off of an angled mirror on the rear pole plate and incidents the PSD on the back plate. As the piston moves from back to front, the laser spot moves from left to right along the PSD. The inner marks on the PSD represent 80% of the active area and the outer marks represent the absolute edges of the active region.
A custom ground circular mirror with a highly reflective gold surface (ME05-M01, Novaphase Inc., Newton, NJ, USA) was placed on the edge of the rear pole plate. The gold coating ensured maximum reflectivity in the infrared wavelength range. The mirror was tilted at a precise 15.5 o angle needed to ensure the laser beam would incident 80% of the active PSD region. Trigonometric calculations were also performed to determine the maximum error of the position sensor due to piston tilt. Based on the maximum gap, including tolerances, between the linear rods and bearings and the left-right maximal pivoting of the actuator in place, an error of up to 0.17 mm could occur, which may cause instability of motor position feedback control. However, it was felt that because the two rods and four bearings would have to have the worst case tolerances in the proper orientation simultaneously, such pivoting would be unlikely and the error would be much less.
Pressure sensing design
A pressure transducer (5INCH-D1DIP-MV-MINI, All-Sensors Inc., Morgan Hill, CA, USA) to measure airway pressure (for FOT) and another to measure flow (for spirometry) were required. In FOT mode, airway pressure relative to atmosphere was measured from a pressure tap in front of the PT. Flow could then be calculated from piston motion and knowledge of the proximal OS device impedance using a compensation algorithm as described in Schuessler et al. [17] .
Discussion and Conclusion
Using the models and a design process focussed on minimizing dead space and meeting our target pressure and flows, a novel FOT device was developed. The OS was designed to offer stable actuator movement that delivered oscillatory flow at the patient's airway opening and recorded pressure and position signals in real time. Using these signals, Zrs could then be calculated and its variation with time examined.
The user friendly device was compact, taking up 555 cm 3 of space, and lightweight (1 kg). The OS integrated a heated screen mesh PT into the center of the piston, thereby solving issues of PT resistance and nonlinearity as well as condensation accumulation. Through the use of linear rods and bearings, piston play and rotation were eliminated, allowing the linear motor to be stably controlled between 0 -48 Hz. Airway pressure and the pressure drop across the PT could be measured using two miniature pressure transducers. Position of the piston was determined with an optical positioning system. The flow through design enabled patients to breathe fresh air during measurements, with only 60 ml of dead space. The device was compact and designed with an external appearance that was easy to use and operate ( Figure 7) .
A custom designed stand will be developed in the future for FOT use and for patients who cannot use the device in a hand-held fashion. In addition, the PT could be easily changed depending on the application and patient size. The inline bacterial filter was successfully designed into the mouthpiece as proof-of-concept that an easy to remove, moulded, disposable mouthpiece and filter could be manufactured in the future.
This report demonstrates an effective protocol for the design of a new medical device. Using computer simulations, the design of the OS was approached using quantitative methods. Modeling work showed the required stroke volume which in turn dictated many of the physical dimensions necessary for mechanical design. The computational models were also essential in assessing the affects of design parameters, such as piston diameter and mass, and for optimizing control parameters. By altering design parameters in silico, their effects on the system could be assessed and appropriate constraints could be placed on the design. The OS has large potential as a suitable medical device for use by researchers and clinicians. It would help in the diagnosis and monitoring of patients with asthma and other pulmonary disorders. Through the use of FOT, true objective measures of respiratory impedance could be determined in patients across all age groups, as well as paralyzed or otherwise infirm individuals. Development of this device was particularly important as no commercially available device offers measurements of spirometry, FOT, and variability of airway caliber in a portable and light weight hand-held device.
